Simultaneous multianalyte determinations are important for biological studies (1) (2) (3) (4) (5) . Various multianalyte methods have been developed. Multianalyte immunoassays present several advantages, such as reduced analysis time, minimized repetitions of tedious procedures, and lower cost per test (6 ) . Typically, these multianalyte immunoassay methods involve the use of more than one label. Although several kinds of labels, such as radiolabels or fluorescent, enzyme, or metal ion labels, have been used in the multianalyte immunoassays, the lanthanide chelate labels with time-resolved fluorescence detection are particularly attractive because of high sensitivity and other advantages (7) (8) (9) . Recently, quantum dots such as CdSe have attracted attention because they can be prepared in a variety of sizes and their fluorescent properties are dependent on the size of the quantum dot (10, 11 ) . Having several quantum dots that all fluoresce at distinct wavelengths under identical excitation offers a dramatic advantage over fluorescence based on organic molecules, but the use of quantum dots in multiplexing are limited by the number of spectrally distinct species that can be prepared. Color-coded microspheres overcome many of the shortcomings of quantum dots because several hundred spectrally different types of beads can be prepared (12 ) . Unfortunately, this labeling system is limited by the number of spectrally distinguished fluorophores, and its use for analyte quantification has encountered difficulties (13 ) . Barcode labels circumvent the problems of fluorophores and quantum dots (14 -16 ) . However, the prepa-ration of barcode or bio-barcode labels is cumbersome, and the automated quantitative analysis still has some difficulties. In summary, the limitations to the reported approaches in the literatures for multianalyte determination include difficulty in finding a sufficient number of suitable labels that can be prepared easily and can be detected distinctly with similar sensitivities by a single detection technique.
Inductively coupled plasma mass spectrometry (ICP-MS), 1 a powerful technique for the simultaneous determination of multiple elements with minimal pretreatment of samples, offers excellent sensitivity for a wide range of elements. The combination of ICP-MS with immunoassays enables analysis of biological materials (17) (18) (19) (20) (21) (22) (23) . Baranov et al. (18 ) described several novel ICP-MS-linked immunoassays that use both nanogold and lanthanidetagged antibodies. Commonly used immunoaffinity separation techniques have been successfully coupled to ICP-MS to measure the concentrations of target proteins in complex biological samples. Parallel studies carried out in our laboratory used thyroid-stimulating hormone and thyroxine as model compounds to demonstrate the potential of ICP-MS as a detector for the Eu 3ϩ that is attached to an immunoreagent (19, 20 ) . We also established a sandwich-type immunoreaction coupled to ICP-MS with colloidal gold nanoparticle-labeled antibody (21 ) . The measurement of multiple proteins simultaneously by use of distinguishable element-tagged antibodies with ICP-MS has been illustrated by Quinn et al. (23 ) , who used colloidal gold and Eu 3ϩ as labels. As an excellent elementspecific detection technique, the detection limits of ICP-MS for most elements range from parts per billion to parts per trillion, or even lower. Elements such as rare earths and noble metals, as well as some of the transition metals, have the highest sensitivity with detection limits down to 0.01-0.1 ng/L (24 ) . Those elements, their stable isotopes, or the unique combination of them are candidates for labeling bioactive molecules, especially those that occur at naturally low concentrations in the body and environment. However, the value of ICP-MS-based immunoassays in clinical analysis has not been fully understood, and further research in this area is needed for the use of this methodology in practical applications.
␣-Fetoprotein (AFP) and ␤-human chorionic gonadotropin (hCG␤) are important tumor markers and also serve as aids in prenatal detection of fetal malformations such as Down syndrome (25) (26) (27) (28) . Numerous immunologic methods for determining AFP and hCG␤ concentrations have been described (29 -35 ) , but few methods other than time-resolved immunofluorometric assays and enzyme immunoassays can measure them simultaneously (28, 36, 37 ) . In this report, we demonstrate the simulta- The coating buffer was 100 mmol/L sodium carbonate buffer (pH 9.5), containing 9 g/L NaCl and 0. 
instrumentation
We used a Perkin-Elmer/Sciex Elan 6000 ICP mass spectrometer fitted with a cross-flow nebulizer. The instrument settings were optimized daily. Typically, nebulizer gas was 1.02 L/min, lens voltage was 8V, radio frequency (RF) power was 1150 W. Peak hopping mode was used in the experiment. The chromatographic separation system included a Model EP-1 Econo Pump and a Model EM-1 Econo UV monitor (Bio-Rad).
antibody labeling
The anti-AFP and anti-hCG␤ monoclonal antibodies were labeled with Eu 3ϩ and Sm 3ϩ chelates, respectively. Briefly, 1 g/L antibody in 50 mmol/L sodium bicarbonate buffer (pH 9.5) was reacted with 0. 35 
coating of microtitration wells
To immobilize the anti-AFP and anti-hCG␤ monoclonal antibodies on the well surfaces, we added 200 L of to each to the wells at a concentration of 5 mg/L and allowed them to adsorb. The microtiter strips were washed twice with the wash solution, 300 L of blocking buffer was added to each well, and the strips were incubated overnight at 4°C. After removal of the blocking buffer, the strips were stored at 4°C in sealed bags until use.
assay protocol
The typical sandwich format of a noncompetitive immunometric assay was used. The coated microtiter strip wells were washed twice with assay buffer, 25 L of calibrator or serum was pipetted into the well, and then 200 L of lanthanide-labeled anti-AFP and anti-hCG␤ antibodies (1 mg/L) was added to each microtiter well. Subsequently, the microtiter strip wells were incubated with continuous shaking at room temperature and then washed six times with wash buffer to separate the unreacted reagent from the microtiter strip well. We then added 200-L aliquots of HNO 3 solution (10 mL/L) to each well to dissociate the Eu 3ϩ and Sm 3ϩ ions from the labeled monoclonal antibodies. After 1 min of continuous shaking of the microtiter strips (40 rpm) at room temperature in the TS-1 shaking apparatus (Jiangsu), the solutions were introduced into the ICP-MS instrument by a peristaltic pump at a flow rate of 1 mL/min. The 153 Eu and 152 Sm intensities by ICP-MS were proportional to the concentrations of AFP and hCG␤ in the sample.
Two determinations were performed for each sample. Analytical results were obtained by calculating the mean values of two determinations of each sample. The correlation was calculated with a linear least-squares method, and agreement was tested by the Student t-test.
sample collection
Blood samples were collected from 20 patients at the Third Hospital of Peking University (Beijing, China), after the patients gave informed consent. After clotting, the serum and packed cells were separated by centrifugation at 1000g. The serum samples were then stored at Ϫ20°C under nitrogen gas until they were assayed.
irma procedures
Serum AFP and hCG␤ were measured by the use of IRMAs (Beijing Chemclin Biotech Co., Ltd) according to the manufacturer's instructions. Briefly, 50 L of calibrator or serum sample was pipetted into a coated tube, after which 50 L of 125 I-labeled AFP or hCG␤ antibody was added to each coated tube. The microtiter strip wells were incubated for 2 h with continuous shaking at 37°C and then washed five times with water to separate the unreacted reagent from the coated tubes. The radioactivity of the coated tube was measured to calculate the analyte concentration.
Results

optimization of instrument settings
The isotopes of highest abundances for both europium and samarium ( 153 Eu and 152 Sm) were chosen for this experiment. We used Eu 3ϩ and Sm 3ϩ standard solutions (5 g/L) to optimize key ICP-MS instrument settings, including RF power, nebulizer argon flow, and lens voltage. The dependence of 153 Eu and 152 Sm signal intensities on the argon nebulizer gas flow was studied at flow rates of 0.7-1.1 L/min. 153 Eu and 152 Sm behaved similarly, with a common peak at ϳ 1 L/min (Fig. 1) Imprecision. The intraassay imprecision (CVs) were ϳ3-8% for AFP and ϳ3-5% for hCG ( Table 1) . The between-assay CVs for duplicate analyses over 6 days were 3.5-5.6% for AFP and 3.7-7.2% for hCG␤ (Table 1) .
Recovery. The recoveries of AFP (16.5, 84.6, and 213 g/L) and hCG␤ (6.8, 52.4, and 108 g/L) added to samples (Table 2) were 90 -104% and 88 -110%, respectively.
Linearity. Three serum samples with high AFP and hCG␤ concentrations were diluted with AFP-and hCG␤-free human serum. Measured concentrations were 90.8 -119% of expected concentrations (Table 3) . 
stabilities of lanthanide-labeled monoclonal antibodies
We studied the stabilities of lanthanide-labeled mouse monoclonal anti-AFP IgG and mouse monoclonal antihCG␤ IgG by storing each antibody (at 50 mg/L) at 4°C for 1 week, 4 weeks, and 3 months before they were used in the assay. The calibration curves obtained were compared with the calibration curve obtained before the start of the storage experiment. No significant decrease in activity was observed.
Discussion
The most striking features of ICP-MS are its superior sensitivity for a wide range of elements and its ability to determine the isotope composition of a sample with pretreatment procedures that are less cumbersome than those for other MS techniques. However, the application of ICP-MS to biological fluid and tissue samples has been limited to the investigation of elements present in ultratrace amounts (38, 39 ) . ICP-MS analyses of biological samples need not be limited to analytes that include metal elements. The recent development of metal-tagged antibodies, which are designed for time-resolved immunoflu- (18 -20 ) . Because no special fluorescent properties are needed, the potential elemental labels for ICP-MS-linked immunoassay are not limited to the four lanthanides (Eu 3ϩ , Sm 3ϩ , Tb 3ϩ , and Dy 3ϩ ). The labels for ICP-MS-linked immunoassay should possess the properties of (a) having a highly sensitive response in ICP-MS and being free from spectral interference; (b) occurring at naturally low concentrations in the body and environment; and (c) having good biocompatibility and the ability to easily conjugate to biomolecules. On the basis of the above criteria, rare earth elements, such as europium, samarium, terbium, and dysprosium, can be considered ideal labels for ICP-MS-linked immunoassay because these elements offer good biocompatibility and are easily conjugated to biomolecules. Another advantage of the use of these elements as labels is that they offer high sensitivity for trace species in biological samples, which can satisfy the requirement of routine clinical analysis. In addition, a low background can be expected because these elements hardly exist in biological fluids or tissues. Those properties have been well demonstrated by many reports on time-resolved fluorescent immunoassays (7) (8) (9) .
The other rare earth elements, including lutetium, Y, lanthanum, cesium, praeseodymium, neodymium, gadolinium, holmium, Er, thulium, ytterbium, and scandium, would also be potentially applied to ICP-MS-linked immunoassays because they could satisfy the first and second criteria mentioned above. Methods for their bioconjugation, however, have not been developed to the best of our knowledge. Noble metals, such as gold and ruthenium, would also be candidates for labels because ICP-MS can measure them at very low concentrations and they have been used in immunoassays with spectrometric and electrochemical detection. The other noble metals, such as silver, could also be determined sensitively by ICP-MS, but their biocompatibility is not satisfactory when conjugated to proteins. Some of the transition metals, such as iron, cobalt, and copper, can be measured with high sensitivity by ICP-MS, but these elements may also exist in biological fluids to some extent. Spectral interference may also be a problem, especially for the determination of iron-labeled biomolecules.
Quinn et al. (23 ) have discussed the simultaneous determination of two proteins with ICP-MS using nanogold clusters and Eu 3ϩ as labels. One of the disadvantages of using nanogold clusters in this method is that gold has a high affinity for the surfaces of a typical ICP-MS sample introduction system, as pointed out by the authors. Another disadvantage is that the responses of nanogold clusters and Eu 3ϩ in ICP-MS are not consistent, and two internal standards, iridium and holmium, must be used. Because lanthanides are a group of closely related elements having similar physical and chemical properties, a single or at most two internal standards are sufficient to control for instrumental drift for the determination of all of the lanthanides. Eu 3ϩ and Sm 3ϩ are used in the present study because, among all the elements in the periodic table, lanthanides are the most sensitively detected by ICP-MS, with detection limits down to 0.01 ng/L, and because they occur at very low concentrations in body fluids and the environment. The detection limits of time-resolved immunofluorometric assays for the simultaneous determination of AFP and hCG␤ with lanthanide chelates are 0.025 g/L for AFP and Յ0.2 g/L for hCG␤ (36 ) . The detection limits of the lanthanide-labeled ICP-MS-linked immunoassay were 1.2 g/L for AFP and 1.7 g/L for hCG␤. The ratio of labeled lanthanide to corresponding antibody is an important factor affecting the sensitivity of detection of the ICP-MS-linked immunoassay because the ICP-MS signal intensity is linearly proportional to the number of atoms of the tags. It is possible that the detection limit of the present method can be improved by multiple labeling. In practice, however, improving the detection limit of an immunoassay by increasing the number of labels attached to an antibody has been limited because of the interference of the bulky labels in antibody-antigen binding and the increased fraction of nonspecific binding. In the present study, 1 mole of anti-AFP monoclonal antibody was labeled with 7.1 moles of Eu 3ϩ , whereas the antihCG␤ monoclonal antibody was labeled with 12.3 moles of Sm 3ϩ . As indicated in the Results, the maximum intensity of 153 Eu is twice that of 152 Sm at the same concentration because the natural abundance of 153 Eu is approximately twice that of 152 Sm, and we used those ratios only for the convenience of data processing. The nanoparticleantibody bioconjugates provide a novel solution for this problem without compromising the binding affinity. When measuring the element tags by MS, the signal enhancement is proportional to the number of atoms of the tag isotope. Because nanoparticles have significant numbers of atoms per conjugate, the increase in sensitivity is obvious. In a previous work, we developed an immunoassay by coupling a sandwich-type immunoreaction to ICP-MS with colloidal gold nanoparticles as labels on goat anti-rabbit IgG (21 ) . In their study, another group showed that different immunoassay methods, such as centrifugal filtration, protein A affinity, and size-exclusion gel filtration, can be linked with ICP-MS immunoassays using nanogold cluster labels (18 ) . However, the use of colloidal gold or nanogold clusters as labels is limited by constrains of specificity and immunoreactivity, and continuing efforts to alleviate the nonspecific binding are required for further improvements in sensitivity. An alternative method is to use lanthanide-dye-conjugated polystyrene nanoparticles as labels; these types of nanoparticles were used recently in a time-resolved immunofluorometric assay and had the advantages of enhanced monovalent binding affinity and a high specific activity for the nanoparticle-antibody bioconjugate (40, 41 ) . The nanoparticle, 107 nm in diameter, contained Ͼ30 000 europium atoms and could be used in ICP-MS-linked immunoassays to improve the detection limit without the problems of diminished activity and specificity. It can therefore be inferred that element-labeled ICP-MS immunoassays can provide sensitivities comparable to those for time-resolved immunofluorometric assays with the potential for use in multianalyte determinations incorporating large numbers of tags.
ICP-MS-linked immunoassays have many advantages over conventional time-resolved immunofluorometric assays (18 ) . ICP-MS-linked immunoassays do not require addition of enhancement solution, as time-resolved immunofluorometric assays do, because the lanthanides themselves are detected directly. The dissociation of lanthanides from antigen-antibody complexes by acidification enables long-term storage before analysis, simplifying assay protocols. The inherent ability of ICP-MS to remain free from interference by organic or inorganic species makes the operational procedure easier. The immunoassay steps are the same as for time-resolved fluorescence except for the detection step. After immunoreaction, enhancement solution is added to the microtiter strip well, which is shaken for 5 min to allow the formation of fluorescent complex for time-resolved fluorescence detection, whereas HNO 3 solution (10 mL/L) is added to dissociate Eu 3ϩ and Sm 3ϩ ions from the labeled monoclonal antibodies for ICP-MS detection. Because the immunoreaction steps of the two methods are identical, their analytical throughput is the key for comparing their analytical ability. The throughput of time-resolved fluorescence is 1-2 s/sample with automated instruments. In the present study, the throughput was ϳ1 min/sample for two elements. One of the reasons for the lower throughput of the ICP-MS detection immunoassay is that the sampling system was not designed specifically for immunoassays. The advantage of ICP-MS is its ability to analyze multiple analytes, not its analysis speed, compared with time-resolved fluorescence. Because the antibody preparation and immnunoreaction steps in the ICP-MS-linked immunoassay are the same as those in timeresolved immunofluorometric assays, which are familiar to clinical analysts, this method can be easily accepted and used by clinical chemists.
One of the promising applications of element-labeled immunoassay combined with ICP-MS detection is in the development of SI-traceable primary methods for interlaboratory comparisons and quality assurance by socalled isotope dilution. Isotope dilution is a calibration technique based on altering the natural relative abundance of two stable isotopes by adding a known amount of an enriched isotope of the analyte to the sample (42 ) . Measurement of this altered ratio allows very accurate quantification because the added enriched isotope acts analogously to an ideal internal standard. The uncertainty of the exact isotopic ratio, the amount of the enriched analyte added, and the weight or volume of the sample are the only sources of error that can affect the results. Therefore, isotope-dilution analysis provides a definitive technique and absolute quantification with excellent precision and accuracy compared with other analytical methods. The possibility of using an isotope dilution in the present method has been under investigation in our laboratory.
